Recently, aerial Mars exploration systems have been actively researched. Because the atmospheric density of Mars is almost one-hundredth to that of Earth's, the flight Reynolds number becomes low (Re = 10 4 ~ 10 5 ). In low Reynolds numbers, the flow around a wing tends to separate and conventional airfoils cannot satisfy the given performance requirements for Mars exploration aircraft. In recent years, Sasaki et al. researched new airfoils that have high lift-to-drag ratio at low Reynolds number using evolutionary multi-objective optimization and computational fluid dynamics. In this research, two-dimensional wind tunnel test of three airfoils proposed by Sasaki et al. is conducted to investigate their actual aerodynamic characteristics at Reynolds number 2.0 × 10 4 . The Ishii airfoil with good performance at low Reynolds number is used as the benchmark. The result of the wind tunnel test showed that the lift curve of the three airfoils is linear, and their maximum lift coefficient and stall angle are larger than those of Ishii. Particularly, the three airfoils' lift-to-drag ratio is superior to the Ishii airfoil by more than 30%.
Introduction
Currently, JAXA/ISAS has developed a Mars exploration mission via aircraft called MELOS, which is expected to be launched in early 2020's. Aerial exploration is used as opposed to conventional planetary rover because aerial exploration enables wide area observation.
Mars' atmospheric density is an about 1/100 of Earth's density (Table. 1), and the aircraft must cruise at low speeds for exploration. Therefore, inflight Reynolds numbers become very small (from 10 4 to 10 5 ) and the aerodynamic characteristics change compared to flights in Earth's atmosphere. A high performance airfoil for low Reynolds numbers is needed for the design of Mars exploration aircraft 1) . In low Reynolds number flight, even a small difference in the airfoil section (especially the shapes of leading and trailing edges) affects the aerodynamic performance significantly and aerodynamic characteristics at low Reynolds numbers have been found to have strong nonlinearity 3, 4) . Separation bubbles are one of the factors that affect the aerodynamic performance. According to reference 2), at low Reynolds numbers, the separated flow over a wing reattaches while transitioning to turbulent flow, creating a circular flow known as a laminar separation bubble as shown in Fig. 1 . These laminar separation bubbles are classified into two types, "Short bubbles" and "Long bubbles". A short bubble is a separation bubble that moves forward to the leading edge by shortening its length as the angle of attack gets larger. A long bubble is a separation bubble that extends its length with moving its reattachment position backward to the trailing edge. Much research has verified that reverse-flow areas exist and that pressure coefficient distribution is flat when separation bubbles occur as shown in Fig. 2 , which is referred to reference 2). The behavior of this separation bubble gives a non-linearity to the lift characteristic of the wing and influences the stall angle. In this way, separation bubbles greatly impact aerodynamic performance. Therefore, it is very important to observe the phenomenon of separation bubbles and consider them. Sasaki et al. have studied multi-objective airfoil shape optimization using Genetic Algorithm (GA) associated with Computational Fluid Dynamics (CFD) 5) . Their research found possible types of airfoils numerically, but require further investigation using wind tunnel testing.
The purpose of this study is to evaluate and discuss these optimized airfoils.
Experimental Setup 2.1. Test airfoils
A 20% increase of maximum lift-to-drag ratio compared to the Ishii airfoil is required for the optimized airfoils. The Ishii airfoil was developed by the famous hand-launched glider world champion Mr. Ishii himself for his own competition plane based on his many years of experience. It has fairly good aerodynamic performance at low Reynolds number. For example, the maximum lift-to-drag ratio of the Ishii airfoil at a Mars Reynolds number is 12.9, which is larger than currently existing airfoils. However, the performance of Ishii airfoil is not satisfactory for Mars exploration aircraft. Therefore, Sasaki et al. have tried to find optimal airfoils using GA associated with CFD. As a result, they acquired many types of airfoils that have 20% better lift-to-drag ratio compared to the Ishii airfoil. Three airfoils out of the optimized airfoils were selected based on the following conditions. 
Wind Tunnel
It is difficult to carry out low Reynolds number flow test in a conventional low speed wind tunnel at atmospheric pressure conditions due to the fact that the slow flow causes large amounts of turbulence that deteriorate the laminar flow condition, making aerodynamic force significantly smaller and harder to measure. Therefore, a variable-pressure wind tunnel that is capable of decreasing the ambient pressure is useful for low Reynolds number flow tests. (Fig. 5, Fig. 6, Table 1) . A tri-axial force balance sensor is used to measure the aerodynamic force and moment (Fig. 7) . 
Test Results and Consideration
Wind tunnel tests were conducted to measure lift, drag and pitching moment coefficients. The test Reynolds number was 2. pictures taken by using PIV(Particle Image Velocimetry) method 6) . In the range of the angle of attacks, differences of their flowfields are relatively clear.
In Figs. 11 -22 , the vertical line denotes the ratio of the position from the upper wing surface to the chord and the horizontal line represents flow velocity. The color bars in each picture show the local velocity to the uniform velocity. As shown in the graph of Fig. 11 , the flow is mostly static at the separation point. Moreover, there is a reverse-flow called separation bubbles. The reverse flow is shown with red dots. At the reattachment point, the velocity increases and the reverse-flow disappears.
The flowfields at an angle of attack of 6° are shown from Fig. 11 to Fig. 14, 8° from Fig. 15 to Fig. 18 , and 10° from Fig. 19 to Fig. 22 .
First, flowfields at an angle of attack of 6° are discussed. As shown in Fig. 8 
Conclusion
A hollow triangle shape on the upper wing surface causes separation bubbles at low angle of attack, increasing the lift coefficient, however the drag coefficient also increases. On the other hand, an arc shape on the upper wing surface can reduce separation bubbles and also increases the angle of stall. In conclusion, the latter characteristic and high lift-to-drag ratio are suitable for an aircraft. That is why No.1 is the most advantageous among all airfoils tested in this study.
